[1] The proton resonant firehose instability may arise in collisionless plasmas in which the proton velocity distribution is approximately bi-Maxwellian with T kp /T ?p > 1, where ? and k denote directions relative to the background magnetic field B°. Linear theory and onedimensional simulations predict that enhanced field fluctuations from the proton resonant firehose instability impose a constraint on proton temperature anisotropies of the form 1 À T ?p /T kp = S p /b kp ap where b kp 8pn p k B T kp /B°2, and the fitting parameters S p $ 1 and a p ' 0.7. Observations from the Wind spacecraft are reported here. These measurements show for the first time with a comprehensive plasma and magnetic field data set that this constraint is statistically satisfied in the solar wind near 1 AU, with best-fit values of S p = 1.21 ± 0.26 and a p = 0.76 ± 0.14.
Introduction
[2] We have analyzed solar wind proton temperature anisotropies observed by the two Faraday Cup (FC) instruments of the Solar Wind Experiment (SWE) on the Wind satellite [Ogilvie et al., 1995] . Using more than seven years of data we demonstrate that the observed limit to the proton temperature anisotropy for T kp /T ?p > 0 is in agreement with the constraint which theory and simulations predict should be imposed by the firehose instability. Knowledge of the proton temperature anisotropy is sufficient for probing the firehose instability -discussed in detail in the following section -because electrons are nonresonant and the contribution due to alpha particles and other minor ions may be neglected to first order.
[3] This constraint from the firehose instability is analogous to a similar temperature anisotropy constraint which has been obtained by theoretical and computational methods for the electromagnetic proton cyclotron anisotropy instability driven by T ?p /T kp > 1 [see Gary et al., 2000, and references therein] . This latter constraint has been verified through observations in the magnetosheath [Phan et al., 1994; Anderson et al., 1994; Tan et al., 1998 ], in the outer magnetosphere [Anderson et al., 1996] , in the solar wind [Gary et al., 2001] and in a laboratory experiment [Scime et al., 2000] . In contrast, the only previous observational study of the temperature anisotropy constraint imposed by the firehose instability has been the work of Eviatar and Schulz [1970] who assumed a constant magnetic field for a limited data set of several hours measured by the Vela 4 spacecraft.
[4] Since this is the first time ion temperature anisotropies have been measured with SWE, we first present an outline of the technique and review its success before describing the theoretical predictions and our observations.
[5] A Faraday Cup is an energy/charge instrument with a large, conical field of view ($45°half-angle) which measures the current produced by particles within a given energy window. Due to the large acceptance angle of the FC, this current is proportional to the reduced distribution function, i.e. the ion distribution in velocity space integrated over all velocities perpendicular to the instrument axis.
[6] Wind is a rotating spacecraft with a spin-axis perpendicular to the ecliptic plane and a period of three seconds. The two FC instruments on Wind are mounted ±15°out of the ecliptic. Defining q as the Sun-instrument angle in the plane of the ecltiptic, each FC makes measurements along 20 values of q bracketing the solar wind flow during each rotation. Typically a complete spectrum includes measurements over 31 energy windows centered on the peak energy of the solar wind protons. We convolve the currents measured along the combination of energy windows and angles with an analytic expression for the response of the FC to a given velocity distribution. A non-linear leastsquares c 2 minimization routine yields the best fit parameters and their uncertainties.
[7] The simultaneous characterization of solar wind proton and alpha particles by the FC instruments on Wind as isotropic, convected Maxwellians has been described elsewhere [Aellig et al., 2001; Steinberg et al., 1996] . In the case of an ion of charge q described by a convected isotropic Maxwellian with a bulk velocityŨ, number density n and thermal speed w, a FC performing a measurement in a speed window of v and v + Dv will observe a current, I iso , given by
where A is the effective area of the collector andn is the direction the FC is pointing. If a two-temperature anisotropy GEOPHYSICAL RESEARCH LETTERS, VOL. 29, NO. 17, 1839 , doi:10.1029 /2002GL015128, 2002 Copyright 2002 exists with corresponding thermal speeds w k and w ? parallel and perpendicular to the magnetic field, then it can be shown that the observed current I ani is given by I ani = I iso (w), wherew is an effective thermal speed which is a function of the orientation between the FC and the ambient magnetic field. Withb B/jBj,w is given bỹ
The simplicity of this response to a bi-Maxwellian distribution is due to the fact that a FC measures the reduced distribution function and has a very flat angular response.
Predicted Limit to Anisotropy
[8] If the proton velocity distribution in a collisionless electron/proton plasma is approximately bi-Maxwellian and bears the temperature anisotropy T kp > T ?p , then the proton firehose instability may arise. This growing mode has a real frequency w r which satisfies w r < p where p is the proton cyclotron frequency. Gary et al. [1998] showed that under resonant conditions the linear threshold condition for a fixed value of the dimensionless maximum growth rate g m / p of this instability in an electron-proton plasma can be written for g m / p 0.10 as
over 1 ] b kp 10 where b kp 8pn p k B T kp /B o 2 (n p is the proton number density, and k B is Boltzmann's constant), S p and a p are fitting parameters; the former is a dimensionless number of order unity determined by the choice of maximum growth rate, but a p ' 0.7, relatively independent of g m / p . In the nonresonant long-wavelength limit, the firehose instability threshold corresponds to S p = 2 and a p = 1.
[9] Gary et al. [1998] have also carried out hybrid simulations of this instability using bi-Maxwellian initial proton velocity distributions and have demonstrated that this growing mode imposes an upper bound on the proton temperature anisotropy of the form of equation (3). Their interpretation is that, if the anisotropy exceeds the instability threshold, the resulting enhanced fluctuations scatter the protons so as to reduce T kp /T ?p back to and below that threshold. Their one-dimensional simulations suggest that the anisotropy constraint corresponds to S p = 1.5 and a p = 0.74, whereas their two-dimensional simulations yield an upper bound corresponding to S p = 2.0 and a p = 1.0, which is the nonresonant firehose instability threshold.
Wind Observations
[10] For this analysis, three-second magnetic field measurements provided by the Magnetic Field Experiment (MFI) on Wind are averaged over the duration of each FC spectrum. The average direction of the field determinesb for subsequent fitting of the data with the anisotropic response function. Examination of the angular fluctuation of the field measurements indicates that the determination of the anisotropy is hindered when this fluctuation exceeds 20°. In subsequent analysis spectra with angular fluctuations of more than 15°are discarded.
[11] Figure 1 is a plot comparing measurements to the best fit model results for a single spectrum taken on September 17, 2000. Only two measurement angles of the total 40 are shown in this plot. Note the variation in thermal width of the proton distribution as the FC scans at different angles with respect to the magnetic field. Typically 200-300 measurements are selected in each spectrum to characterize the proton distribution.
[12] Over the course of the mission 1.9 million spectra taken in the solar wind were selected for this analysis. The average value of c 2 per degree of freedom for these measurements is 1.12 ± 0.84, indicating that on average the core distributions of protons in the solar wind are welldescribed by two-temperature bi-Maxwellian distributions. In the case of proton double streaming, a frequent occurrence in the solar wind, only the properties of the core are used for this study. We feel this is justified because an independent study of SWE/FC observations of proton double streaming [D. Clack, private communication, 2002] shows that double streaming occurs rarely in the sub-set of data (b kp ! 1, T kp /T ?p > 0) used to probe the firehose instability.
[13] The uncertainty in the thermal speeds is a function of the orientation of the magnetic field during each spectrum. For example, the uncertainty in w k diverges rapidly as the field exceeds ±75°from the ecliptic plane. Fortunately the typical field direction along the Parker spiral at 1 A.U. results in the near minimum overall uncertainty in the two speeds. The average percent uncertainties in the thermal speeds are s w? = (4.3 ± 6.8)% and s wk = (7.1 ± 4.1)%.
[14] For each of the solar wind spectra we calculated the anisotropy ratio R as defined in equation (3) and estimated the uncertainty in the ratio, s R , by propagating the uncer- We discarded those measurements since the theoretical calculations of the firehose limit assume the distribution is bi-Maxwellian. Overall 32% or 0.6 million measurements met these cuts and had values of 0 R 1 (T kp /T ?p > 1).
[15] In Figure 2 we have created a two-dimensional histogram of the number of spectra as a function of R and b kp . Figure 2 clearly demonstrates that the proton temperature anisotropy is more strongly constrained as b kp increases, and that this type of constraint corresponds only to b kp ! 1. These qualities are both hallmarks of equation (3) and represent strong evidence that this constraint is due to the proton firehose instability.
[16] To quantify the observed limit for comparison with predictions, we calculated a critical value, R c , of the anisotropy ratio as a function of b kp for comparison with the predicted threshold condition. Observations were divided into 30 bins in b kp , with constant logarithmic spacing as indicated by the pixel sizes in Figure 2 . The number of spectra seen as a function of R for fixed b kp falls off exponentially with increasing R. We fit this fall off with an exponential curve, as shown in Figure 3 for four intervals of b kp , and define R c as the value of R where the number of spectra fell to 10% of its maximum value. The parameters and their uncertainties for the best fit exponential curve are then used to determine R c and its uncertainty s Rc .
[17] The results of this study are summarized in [18] This fit to the observed constraint on the proton temperature anisotropy is in very good agreement with both the linear theory of the resonant firehose instability and the 1-D simulation results of Gary et al. [1998] , which also yielded a p ' 0.74 on the range 2 b kp 10. There is less good agreement with the linear theory of the nonresonant firehose instability and the 2-D simulations of Gary et al. [1998] which indicate a p = 1.0. We conclude that, over 2 b kp 10, our observations are consistent with the imposition of an upper bound on the proton temperature anisotropy by wave-particle scattering due to enhanced fluctuations from the proton firehose instability. Furthermore, our observations indicate that it is the proton-resonant firehose which is the more likely source of the fluctuations which lead to this constraint.
[19] The firehose instability based on a bi-Maxwellian proton velocity distribution is essentially stable at b kp 1, and cannot be responsible for the apparent decrease in the average anisotropy as b kp decreases from unity. It may be that this feature corresponds to the proton-proton Alfvén instability which has a lower effective T k at threshold as b p decreases [e.g., see Figure 1 of Montgomery et al., 1976] .
Conclusions
[20] The Faraday Cup instruments on Wind have been used to accurately measure ion temperature anisotropies. By using a non-linear fitting routine to characterize the spectra we obtain uncertainties and c 2 in addition to the best fit parameters. We have used a comprehensive plasma and magnetic field dataset from Wind to show for the first time that the theoretical threshold of the firehose instability provides a statistical upper bound on T kp /T ?p values observed at b kp ! 2 in the solar wind. The observed limit in R for b kp < 1 merits further study, possibly by using a model proton velocity distribution which allows departures from a bi-Maxwellian.
